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IT HAS BEEN KNOWN for over four decades that endurance exercise training increases the content and activity of mitochondrial enzymes in skeletal muscle, i.e., mitochondrial biogenesis (16) . While clearly a complex process the cloning and characterization of peroxisome proliferator-activated receptor (PPAR)-gamma coactivator 1␣ (PGC-1␣) by Spiegelman's group has lent important insight into the molecular regulation of this process (32) . PGC-1␣ is a transcriptional coactivator that binds to and coactivates transcription factors such as nuclear respiratory factors 1 and 2, estrogen-related receptor alpha (ERR␣), and PPARs, leading to the coordinated regulation of nuclear and mitochondrial encoded mitochondrial enzymes (37) . PGC-1␣ mRNA expression and protein content are rapidly increased with exercise (1, 44, 51) , and the overexpression of PGC-1␣ in skeletal muscle induces mitochondrial biogenesis (2, 22, 47) . Importantly, the muscle-specific deletion of PGC-1␣ abrogates training-induced increases in mitochondrial marker proteins in mouse skeletal muscle (12) .
Accumulating evidence would suggest that the activation of the energy-sensing enzyme 5=-AMP-activated protein kinase (AMPK) serves as an important signal in regulating the expression of PGC-1␣ and inducing mitochondrial biogenesis in skeletal muscle. For instance AMPK is robustly activated by muscle contractions (19) and exercise (10, 33) , whereas the pharmacological activation of AMPK with 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) (42, 44) or metformin (41) increases PGC-1␣ mRNA and protein levels concomitant with enhanced mitochondrial enzyme activity and content. Similarly, AMPK has been reported to phosphorylate and activate PGC-1␣ in cultured muscle cells (20) while the deletion of LKB1, an AMPK kinase (36) , results in decreases in mitochondrial enzymes in mouse skeletal muscle (46) . Conversely, knockdown of the ␣2 subunit of AMPK has no effect on training-induced increases in skeletal muscle mitochondrial proteins (21) . These findings suggest the likely possibility that additional, redundant signaling pathways are involved in exercise-induced mitochondrial biogenesis. These pathways could include p38 (31) and/or calcium-dependent mechanisms (29, 35) .
Although the role of PGC-1 in regulating the expression of mitochondrial biogenesis is well described, it is becoming increasingly recognized that transcriptional repressors are also involved in this process. In this light increasing evidence supports the role of nuclear receptor interacting protein 1 (RIP140) as a negative regulator of skeletal muscle mitochondrial biogenesis (38) . It is postulated that RIP140 represses mitochondrial enzyme gene expression by acting as a scaffold protein between nuclear receptors and chromatin remodeling enzymes involved in transcriptional repression (48) . Additionally, it has been reported that RIP140 binds to the promoter regions of nuclear receptor target genes and can also interact with and inhibit the activity of PGC-1 (14) . The deletion of RIP140 increases the expression of enzymes involved in oxi-dative phosphorylation and fatty acid oxidation whereas the overexpression of this protein reduces the oxidative capacity of skeletal muscle (38) .
Despite the apparent importance of RIP140 in regulating skeletal muscle mitochondrial content, few studies have investigated the regulation of this protein in skeletal muscle in vivo. We recently reported that feeding rats a diet supplemented with the creatine analog ␤-guanadinopropionic acid (␤-GPA) led to reductions in RIP140 mRNA and protein levels concomitant with increases in mitochondrial enzymes in rat triceps muscles (49) . Owing to the fact that ␤-GPA supplementation decreases skeletal muscle high-energy phosphate concentrations (i.e., ATP, PCr, etc.) and activates AMPK (3, 30, 34, 49) , perturbations similar to those induced by exercise, it would seem likely that reductions in RIP140 may be involved in the pathway(s) through which exercise induces skeletal muscle mitochondrial biogenesis.
Arguing against this premise, exercise-mediated increases in succinate dehydrogenase are intact in skeletal muscle from RIP140 transgenic mice (38) . Caution should be taken in the interpretation of these data, however, as compensatory changes in other pathways/proteins involved in mitochondrial biogenesis could be obscuring the role of RIP140 in this process. Hood et al. (18) recently reported that total RIP140 protein content was not reduced in skeletal muscle biopsy samples following high-intensity interval training. RIP140 is primarily localized in the nucleus (13, 43) where it inhibits the transcriptional machinery regulating mitochondrial genes. RIP140 can undergo a host of posttranslational modifications leading to the export from the nucleus (13) and reductions in repressive activity. Thus the measurement of RIP140 in whole cell lysates could mask an important effect of exercise on the cellular localization of this protein.
Given these discrepant findings the primary focus of this investigation was to examine the effects of exercise on skeletal muscle RIP140. We hypothesized that exercise training would reduce nuclear RIP140 content in both rodent and human skeletal muscle. We further surmised that altering mitochondrial content through the manipulation of AMPK would be associated with reciprocal changes in RIP140 levels. Last, we postulated that an acute bout of exercise, or interventions known to increase the expression of mitochondrial enzymes and PGC-1␣ (27) , such as AICAR and catecholamines (15) , would lead to reductions in the nuclear content of RIP140.
METHODS

Materials.
Reagents, molecular weight marker, and nitrocellulose membranes for SDS-PAGE were from Bio-Rad (Mississauga, ON, Canada). ECL Plus was a product of Amersham Pharmacia Biotech (Arlington Heights, IL). AICAR was purchased from Toronto Research Chemicals (Toronto, ON). CORE1 (cat. no. MS303), COXIV (cat. no. MS407), and COXI (cat. no. MS404) antibodies were purchased from Mitosciences (Eugene, OR). Anti-␣-actin antibodies (cat. no. A2172) were a product of Sigma (St. Louis, MO) while tubulin (cat. no. ab7291) and RIP140 (cat. no. ab3425) antibodies were purchased from Abcam (Cambridge, MA). An additional RIP140 antibody (cat. no. 8997) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and was used to confirm our findings in the acute exercise and epinephrine studies. This antibody recognizes a distinct amino acid sequence from the Abcam antibody. Horseradish peroxidase-conjugated donkey anti-rabbit and goat antimouse IgG secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). RNeasy extraction kits were purchased from Qiagen (Mississauga, ON). SuperScript II Reverse Transcriptase was a product of Invitrogen (Burlington, ON). Taqman Gene Expression Assays for ␤-actin (Rn00667869_m1), 18s (cat. no. 4352930E) PGC-1␣ (Rn00580241_m1), lipin 1 (Rn01469026_m1), rat RIP140 (Rn01498776_m1), and human RIP140 (Hs00940782_m1) were from Applied Biosytems (Foster City, CA). Forward and reverse primers for COXIV were from Integrated DNA technologies (Coraville, IA) while probes for this gene were from Applied Biosytems (Foster City, CA). These sequences have been published previously (COXIV) (11) .
Treatment of animals. All experimental procedures used were approved by the Institutional Animal Care Committee of Brigham Young University and the Animal Use and Welfare Committee at the University of Alberta. Male Wistar rats (Charles River, Wilmington, MA) were housed two per cage with a 12:12-h light-dark cycle and were provided with water and standard rat chow ad libitum. Muscleand heart-specific LKB1-deficient mice were generated as described previously (46) .
Exercise training and acute exercise. Rats were trained by swim exercise as described in detail by our laboratory previously (40) . Briefly, following acclimation to swim exercise (15 min/day of swimming), rats were exercise trained for 2 h/day, for 14 consecutive days. Approximately 20 h following the last bout of exercise rats were anesthetized with pentobarbital sodium (5 mg/100 g body wt), and triceps muscles were removed and then clamp frozen in tongs cooled to the temperature of liquid nitrogen. For the acute exercise experiments rats completed a single, 2-h bout of exercise, and triceps muscles were harvested immediately following exercise.
Acute epinephrine and AICAR treatment. Animals were injected with a weight-adjusted bolus of epinephrine (20 g/100 gram body wt sc) or an equivalent amount of sterile saline and triceps muscles harvested 2 h following epinephrine injections. For the AICAR experiments rats were given a weight adjusted (1 g/kg body wt) subcutaneous bolus injection and triceps muscles harvested 2 h postinjection. In both epinephrine and AICAR studies muscles were clamp-frozen in tongs cooled to the temperature of liquid nitrogen and stored at Ϫ80°C until analysis.
Long-term AICAR treatment. Rats were given daily subcutaneous injections of AICAR (0.5 g/kg body wt) as described in detail previously (6) . Markers of mitochondrial biogenesis from these same tissues have been previously published (6) .
Acute and chronic exercise: human studies. Protocols were approved by the Hamilton/Health Sciences/Faculty of Health Sciences Research Ethics Board and conformed to the Declaration of Helsinki. All subjects provided informed written consent. Subject characteristics and details of acute exercise (24) and the short-term high-intensity interval training (HIT) interventions (25) have been previously published. For acute exercise, subjects performed four 30-s bouts of "all-out" maximal exercise on a cycle ergometer (Lode Exacalibur v2.0, Groningen, the Netherlands) with 4 min of rest given between bouts. Muscle biopsy samples were obtained from the vastus lateralis before, immediately following, and 3 h following the last exercise bout. This exercise was shown to induce mitochondrial enzyme gene expression in skeletal muscle biopsy samples from these same subjects (23) . HIT consisted of six training sessions over 2 wk (25) . Each session consisted of 8 -12 intervals of 60 s each at ϳ100% of peak power output on an electronically braked cycle ergometer (Lode). Subjects were given 75 s of recovery between intervals. Prior to training, and ϳ 72 h after the last bout of exercise, a needle biopsy was obtained from the vastus lateralis under local anesthesia. Biopsies were obtained from the same leg before and after training. Mitochondrial enzyme content is increased in skeletal muscle biopsy samples from these subjects (25) .
Western blot analysis. Muscle samples were homogenized in 10 volumes of ice-cold cell lysis buffer (cat. no. FN0021, Invitrogen, Burlington ON) supplemented with protease inhibitor cocktail (Sigma) and PMSF. Homogenized samples were sonicated for 5 s and centrifuged for 15 min at 2,500 g at 4°C. The supernatant was collected, and protein concentration was determined by the BCA method (39). As described previously (23) nuclear isolates were prepared using a commercially available kit (Thermo Scientific, Rockford IL, cat. no. 78833) as per the manufacturer's instructions. The protein content of COXI, COXIV, CORE1, and RIP140 were determined by Western blot analysis as described previously (49) . In brief equal amounts of protein were separated on a 7.5% (RIP140) 10% (CORE1), or 15% (COXI, IV) gels. Proteins were transferred to nitrocellulose membranes at 200 mA/tank and then blocked in Trisbuffered saline/0.1% Tween 20 (TBST) supplemented with 5% nonfat dry milk for 1 h at room temperature. Membranes were incubated in TBST/5% nonfat dry milk (COXI, COXIV, RIP140, CORE1) supplemented with appropriate primary antibodies overnight at 4°C with gentle agitation. The following morning, membranes were briefly Fig. 1 . A: exercise training (T, trained; C, control) increases the protein content of COXI, COXIV and CORE1 in rat skeletal muscle. Receptor interacting protein 1 (RIP140) is localized in the nucleus (N, nuclear extracts; C, cytosolic extracts) in rat skeletal muscle (B), and the content of this protein is not altered in nuclear extracts or 1,000 g supernatants in rat triceps muscles following 2 wk of exercise training (C). Similarly, high-intensity exercise training does not alter the content of nuclear RIP140 in human vastus lateralis biopsy samples (D). Data are presented as means ϩ SE for 7-11 samples per group in A and B, and n ϭ 5 in C and D. Representative Western blots are presented to the right of the quantified data. LDH, lactate dehyrogenase. *P Ͻ 0.05 compared with sedentary animals.
washed in TBST and then incubated in TBST/0.1% nonfat dry milk supplemented with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Bands were visualized using ECL Plus and captured using a Typhoon Imaging System (GE Health Care). Imagequant (GE Healthcare) software was used to quantify relative band intensities. ␣-Actin or ␣-tubulin were used as internal controls.
Real-time PCR. As described previously by our laboratory (8, 9) RNA was isolated from skeletal muscle using a Fibrous RNeasy kit according to the manufacturer's instructions. One microgram of RNA was used for the synthesis of complementary DNA (cDNA) using SuperScript II Reverse Transcriptase, oligo(dT), and dNTP. Real-time PCR was performed using a 7900HT Fast Real-Time PCR system (Applied Biosytems). A Taqman Gene Expression Assay was used to determine the expression of PGC1␣, lipin, beta actin, GAPDH, and RIP140. Primers and probes for COXIV were designed using Primer Express 3.0 software. Samples were run in duplicate in a 96-well plate format. Each assay (20 l total volume) contained 1 l gene expression assay, 1 l of cDNA template, 10 l of Taqman Fast Universal PCR Master Mix, and 8 l of RNase-free water. For COXIV each 20-l reaction contained 12.5 l of PCR Master mix, 0.225 l each of forward and reverse primers, 0.05 l of probe, and 3.0 l of RNase-free water. We used 18s (human studies) or GAPDH (rat studies) as endogenous controls. The expression of these genes did not change following our interventions in either rats ( (26) .
Statistical analysis. Data are presented as means Ϯ SE. Comparisons between two groups were made using an unpaired t-test whereas pre-and posttraining differences in humans were made using a paired t-test. Comparisons among multiple groups were made using a oneway analysis of variance (ANOVA) followed by LSD post hoc analysis. Statistical significance was set at P Ͻ 0.05.
RESULTS
Effects of exercise training on RIP140 protein content.
Two weeks of daily exercise training (2 h of swimming) increased markers of mitochondrial biogenesis in rat triceps muscles as demonstrated by increases in the protein content of COXIV, COXI, and CORE1 (Fig. 1A) . In both rat (Fig. 1B) and human skeletal muscle (data not shown) we found that RIP140 was localized in the nucleus. Exercise training did not alter RIP140 protein content when measured in nuclear isolates, 1,000 g supernatants (Fig. 1C) , or whole muscle homogenates (data not shown). Likewise exercise training did not alter mRNA levels of RIP140 in rat triceps muscles (0.85 Ϯ 0.05-fold change vs. control, P Ͼ 0.05). In line with these findings, and consistent with a previous study (18) , 2 wk of high-intensity interval training in humans did not reduce nuclear RIP140 protein content (Fig. 1D) . As published previously (25) , this exercise intervention increased mitochondrial marker proteins in skeletal muscle samples from these subjects.
Effects of altering AMPK signaling on RIP140 protein content. We have previously shown that 6 wk of daily subcutaneous AICAR injections increased the content and activity of mitochondrial enzymes in rat red and white quadriceps muscle (6) . In these same samples, RIP140 protein content was not altered (Fig. 2A) . Consistent with these results we found that RIP140 protein levels were similar in gastrocnemius muscles from LKB1 knockout compared with wild-type (WT) mice (Fig. 2B) . Mitochondrial enzymes are reduced in gastrocnemius muscles from LKB1 deficient mice (45, 46) .
Effects of exercise, epinephrine, and AICAR on the induction of mitochondrial biogenesis.
Immediately following 2 h of swim exercise the mRNA levels of COXIV, PGC-1␣, and lipin 1 were elevated in rat triceps muscles. Lipin 1 is a transcriptional coactivator that is induced by PGC-1␣ (7) and when overexpressed in skeletal muscle cells leads to increases in mitochondrial enzyme gene expression (15) . Similar results were found 2 h following a bolus injection of epinephrine or AICAR. Surprisingly, exercise, epinephrine, and AICAR all increased the mRNA expression of RIP140 in rat triceps muscles (Fig. 3A) .
Effects of exercise, epinephrine, and AICAR on nuclear RIP140 protein levels. Having established that exercise, epinephrine, and AICAR cause increases in the expression of mitochondrial enzymes and transcriptional coactivators involved in the regulation of mitochondrial biogenesis, we next sought to determine if these changes were associated with a reduction in the content of RIP140. As shown in Fig. 3B , RIP140 content in the nucleus was not altered following an acute bout of exercise, epinephrine, or AICAR treatment (these results were confirmed using the H-300 antibody from Santa Cruz; data not shown). Similarly, four 30-s bouts of all-out cycle ergometer exercise did not alter nuclear RIP140 protein content immediately or 3 h following exercise cessation (Fig. 4A) . This intervention causes increases in mRNA levels of PGC-1␣ and mitochondrial enzymes (23) and was found to increase the expression of lipin 1 mRNA levels 3 h postexercise (1.52 Ϯ 0.25-fold increase compared with preexercise values) (Fig. 4B ).
DISCUSSION
RIP140 has been shown to regulate skeletal muscle mitochondrial enzymes. However, the in vivo regulation of this transcriptional repressor by exercise has not been fully elucidated. In this regard we used several well-described models of exercise training that have been shown to induce mitochondrial biogenesis: swim training in rats (1) and high intensity interval training in humans (25) . Despite increasing mitochondrial enzymes, total and nuclear RIP140 protein content and mRNA expression were not altered by swim training in rat fast-twitch skeletal muscle. Similarly, nuclear RIP140 content in muscle biopsy samples taken from individuals following 2 wk of high-intensity interval training was not reduced even though mitochondrial enzyme protein content was enhanced. To confirm these findings, and based on our previous work using ␤-GPA feeding, we measured RIP140 content in conditions in which AMPK signaling is altered. Specifically, we used long-term daily AICAR injections as a method to repeatedly activate AMPK and induce mitochondrial biogenesis, and muscle/heart-specific LKB1 knockout mice as a model of reduced AMPK signaling. While both of these approaches led to the expected result in mitochondrial protein content, i.e., increases with AICAR treatment and reductions in LKB1 deficient mice, RIP140 protein content was not altered. These results are in line with recent findings from Seth and associates (38) who found that exercise-induced increases in succinate dehydrogenase were intact in skeletal muscle from RIP140 transgenic mice, and the work from Hood et al. (18) demonstrating that total RIP140 protein content was not altered following high-intensity exercise training. Collectively these results demonstrate that reductions in RIP140 are not required for exercise-and AMPK-dependent increases in mitochondrial protein content. An acute bout of exercise leads to transient reductions in high-energy phosphate levels. This is thought to serve as an initial signal triggering mitochondrial biogenesis (17) . Increases in mitochondrial content with training results in reduced perturbations to cellular homeostasis during subsequent bouts of exercise as evidenced by lower declines in creatine phosphate and ATP levels (4, 5) . In contrast, high-energy phosphate levels are markedly and chronically reduced despite increases in mitochondrial content following ␤-GPA feeding. In this instance the homeostatic feedback that would be expected with increased mitochondrial content is obscured by the chronic dietary-mediated reductions in ATP, PCr, etc. Given this, reductions in RIP140 content with ␤-GPA feeding may serve as a mechanism to further increase mitochondrial content in an attempt to dampen the persistent reductions in phosphagen levels. While this may be one possible explanation to explain the divergent effects of exercise and ␤-GPA feeding on RIP140, our results clearly highlight the differences between these two perturbations.
Although reductions in RIP140 do not appear to be necessary for training-induced increases in mitochondrial biogenesis, we could not rule out the possibility that the induction of mitochondrial biogenesis following an acute bout of exercise could be associated with transient reductions in nuclear RIP140. Since RIP140 has been shown to inhibit PGC-1␣ we rationalized that reductions in RIP140 protein content would occur prior to or at the same time as increases in the expression of genes controlled by PGC-1␣ that are involved in mitochondrial biogenesis. As the activation of PGC-1␣ enhances its own transcription we determined the effects of exercise, AICAR, and epinephrine, on the induction of this gene. Similarly, we also measured changes in the expression of COXIV, and lipin 1, a transcriptional coactivator controlled by PGC-1␣ (7) that induces mitochondrial biogenesis in skeletal muscle cells (15) . Immediately following exercise or 2 h after a bolus injection of epinephrine or AICAR the expression of PGC-1␣, COXIV, and lipin 1 were all increased.
Consistent with reports in various other cell types (13, 43) we found that RIP140 was localized in the nucleus in skeletal muscle. In differentiating adipocytes, the activation of protein kinase C (PKC) has been shown to cause an export of RIP140 from the nucleus to the cytosol that is associated with reductions in the trans-repressive activity of the protein (13) . Based on these findings we reasoned that exercise, epinephrine, and AICAR would cause a reduction in nuclear RIP140. Contrary to this hypothesis RIP140 protein content in the nucleus, at least at the time point examined, were not reduced following any of our experimental manipulations and demonstrates that reductions in nuclear RIP140 are not required for increases in the expression of genes involved in mitochondrial biogenesis. With this being said it cannot be ruled out that exercise may decrease, independent of reductions in total cellular content or nuclear localization, the association of RIP140 with transcription factors/coactivators such as PPARs and PGC-1␣. As RIP140 represses the transcriptional activity of these molecules, a reduction in RIP140-PGC-1-PPAR binding would, in theory, enhance the transcription of genes controlled by these transcription factors/coactivators. Clearly, this is an important area of future investigation.
While exercise did not appear to regulate RIP140 protein content we found that RIP140 mRNA expression was increased with exercise and 2 h following an injection of either epinephrine or AICAR. While unexpected, these results are consistent with previous work in cultured adipocytes. During fat cell differentiation RIP140 levels increase (28) concomitant with the induction of mitochondrial biogenesis (50) . Although these findings are difficult to reconcile with the known function of RIP140, perhaps, as suggested previously, the induction of RIP140 may serve as a brake to limit the extent of mitochondrial proliferation. If this were the case, then it would be expected that RIP140 would increase in parallel with, or following increases in mitochondrial content. At least at the time points examined in our study this did not occur and highlights the need for further work examining the functional implication of increases in RIP140 mRNA in skeletal muscle with exercise/AICAR/epinephrine.
In summary, we have found that exercise-and AICARinduced mitochondrial biogenesis occurs independent of reductions in RIP140 protein content. Similarly, reductions in nuclear RIP140 are not required for the induction of mitochondrial enzymes and genes involved in mitochondrial biogenesis to occur. These results in combination with a recent report from Gibala's group (18) clearly demonstrate that a reduction in RIP140 is not a mechanism through which exercise induces skeletal muscle mitochondrial biogenesis.
ACKNOWLEDGMENTS
We are grateful to Dr. M. Tarnopolsky for medical support provided in the human studies. 
GRANTS
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
